An approach to broaden the product range of the ethanologenic, gram-negative bacterium Zymomonas mobilis by means of genetic engineering is presented. Gene alaD for L-alanine dehydrogenase (EC 1.4.1.1) from Bacillus sphaericus was cloned and introduced into Z. mobilis. Under the control of the strong promoter of the pyruvate decarboxylase (pdc) gene, the enzyme was expressed up to a specific activity of nearly 1 ,umol min- 
The gram-negative bacterium Zymomonas mobilis is a strong ethanol producer because of high ethanol yields (up to 95% of the theoretical maximal value) and great productivity (five to six times as fast as yeasts) (29, 35) . These favorable traits, however, have not yet been used to form new products. As a prerequisite for the enlargement of the product spectrum, it is necessary to express heterologous genes in Z. mobilis. Recently, expression shuttle vectors for Z. mobilis were constructed (6, 7, 22, 28) and used to broaden the substrate range of Z. mobilis (18, 31) .
The aim of the present study was to investigate L-alanine formation in Z. mobilis by the introduction and expression of the gene (alaD) for the enzyme L-alanine dehydrogenase (AlaDh) (EC 1.4.1.1) from Bacillus sphaericus IF03525. The aim was to redirect a portion of the carbon flux between glucose and ethanol at the intermediate pyruvate to L-alanine ( Fig. 1) . AlaDh catalyzes the reversible deamination of L-alanine to pyruvate and ammonia with NAD+ as a cofactor. The enzyme is found in vegetative cells and spores of various bacilli and in other bacteria in which it plays a role in both ammonium assimilation and the generation of energy through the tricarboxylic acid cycle during sporulation (12, 24, 38) . The enzyme of B. sphaericus IF03525 has been purified to homogeneity (27) . Recently, the corresponding gene (alaD) was cloned and its DNA sequence was determined (20) . The present study describes the cloning and expression of the alaD gene from B. sphaericus in Z. mobilis, with the subsequent excretion of L-alanine by the recombinant cells.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this work are shown in * Corresponding author. Table 1 . Strains of Z. mobilis were cultivated anaerobically in rich medium with 2% glucose as described before (4 (39) .
Pyruvate decarboxylase (PDC) (EC 4.1.1.1.) activity was determined at 30°C as described by Ullrich (36) .
Specific enzyme activities are expressed as units (micromoles minute-' milligram of protein-').
Analysis of fermentation products and glucose consumption. Culture samples were analyzed after centrifugation. The amounts of ethanol and acetate were estimated by gas chromatography as described by Finn et (19a, 20) . Therefore, the alaD gene was cloned from a chromosomal DNA preparation of B. sphaericus IF03525 by digestion of the DNA with EcoRI and HindlIl, and fragments of 2.5 to 3.5 kb were isolated after agarose electrophoresis. For enrichment for the desired fragment, an additional digestion with BamHI, PstI, and Sall was done, as it is known that these restriction enzymes do not cut the alaD fragment (20) . By using an oligonucleotide probe (27-mer) complementary to the 5' coding region of the alaD gene (20), we investigated about 300 clones for the presence of the alaD gene. Two clones showed a positive reaction with the labeled DNA probe. The restriction profiles of the plasmids were in accordance with the published map (20) , and both clones showed AlaDh activity. One clone was examined further, and its recombinant plasmid was termed pZY70 (Fig. 2) . The detailed restriction map of pZY70 was based on data published earlier (20) .
For shortening of the DNA fragment with the alaD gene, a limited exonuclease III treatment (16) from both ends of the HindIII-EcoRI fragment was done. A clone which had about 100 bp removed from each end was treated with S1 nuclease and Klenow polymerase (23) and blunt-end ligated into the SmaI site of vector pUC19 (37) to yield pZY71. For the expression of AlaDh in Z. mobilis, a 1.95-kb KpnI fragment of pZY71 was prepared and ligated into the KpnIlinearized vector pPTZ4 (28) . The plasmid carrying the alaD gene in phase with the pdc promoter was termed pZY72. For propagation in vector pSUP104 (32) , which has a broad host range, pZY72 DNA was cleaved with EcoRI-ScaI, an EcoRI linker was added to the Scal blunt end, and the 2.3-kb fragment was inserted into the EcoRI-linearized vector pSUP104. The recombinant plasmid carrying the alaD gene in phase with the cat promoter of pSUP104 was termed pZY73; that carrying the gene in counter-phase was termed pZY74. An illustration of the steps is given in Fig. 2 .
Expression of alaD in E. coli and Z. mobilis strains. Plasmid pZY72 could be transferred by triparental mating (ED8767/ pZY72, ECG18/pRK2013, and CulRif2) into Z. mobilis CulRif2, but several attempts to transfer this plasmid into Z. mobilis CP4 and its derivative CP4thi failed. Although vector pZY72 had the advantage of being a small (8.64-kb) shuttle vector between E. coli and Z. mobilis, its narrow host range and its apparent instability in CulRif2 (loss or recombination with residing cryptic plasmids) were drawbacks for subsequent studies. Vectors pZY73 and pZY74, derived from the broad-host-range vector pSUP104, however, were successfully conjugated (with the helper strain S17-1) into Z. mobilis (conjugation frequency, ca. 10-5 donor-'). Both plasmids were stable without antibiotic pressure for more than 60 generations. By retransformation into E. coli ED8767 and subsequent restriction analysis, the integrity of the recombinant plasmids in Z. mobilis could be confirmed. AlaDh activities in cell extracts of various recombinant strains were measured. Rather high enzyme activities were found (Table  2 ). It was estimated that, on the basis of the maximal activity of purified AlaDh from B. sphaericus (27) , about 0.6% of the total soluble protein was constituted by the AlaDh protein in Z. mobilis CP4/pZY73; this value was about 7% in the case of E. coli S17-1/pZY73. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis with extracts from the parental strains and the recombinant strains revealed an extra protein band at about 38 kDa in the recombinant strains. This size corresponds well to the size of the AlaDh subunits from the purified enzyme of B. sphaericus (27) .
Alanine formation and excretion. When these different strains of Z. mobilis were grown in ZMM with 5% glucose and 15 mM ammonium at pH 5.5, wild-type strains (CulRif2 and CP4) did not excrete alanine, while recombinant strains excreted up to 10 mM alanine. As the AlaDh of B. sphaericus has a pH optimum for amination of 8.5 to 9.0 and a Km for NH4+ of 28 mM (27) , the conditions for optimal enzyme activity and for optimal growth of Z. mobilis are different. To overcome this problem, we developed a two-step procedure. In the first phase, recombinant cells were grown in ZMM to an optical density at 600 nm of about 2 (late exponential growth phase); in the second phase, they were washed and transferred to PM, which had a pH of 7.0 and included 85 mM NH4' as well as 50 g of glucose liter-1. The intermediate pH value was chosen to reconcile as far as possible the pH optimum of a series of Entner-Doudoroff pathway enzymes of Z. mobilis (pH 6.0) (2) with that of AlaDh. Under these conditions, L-alanine excretion could be increased to 41 mM (Table 3) .
Although alanine had gained a considerable share (7 to 8%) of the carbon balance, ethanol was still the major fermentation end product. For enhancement of alanine formation, a mutant with reduced or deficient PDC activity would have been of interest. As PDC-deficient mutants of Z. mobilis were not available, a thiamine-deficient mutant of strain CP4 was used to generate a phenotype of transient PDC deficiency by starving the auxotrophic cells for the cofactor of PDC. When cells of CP4thi were transferred to a thiamine-deficient medium, PDC activity dropped from about 5 U. mg-1 to less than 1 U -mg-1 within 40 h. After cells of CP4thi/pZY73 were starved in a thiamine-free medium, they excreted more than twice as much alanine as did cells of CP4/pZY73 ( Table 3) . As the time course of alanine production showed, the highest alanine productivity occurred during the first 6 h (Fig. 3) . This result can be explained by the fact that AlaDh activity decreased in parallel in the same range.
A change in the carbon flux from ethanol fermentation to alanine formation would demand that L-alanine be excreted very efficiently. While ethanol can pass through cell membranes quite well, nothing is known of the secretion of L-alanine. To obtain more information on the transport of L-alanine, we measured the cytosolic and external alanine concentrations in several recombinant Z. mobilis strains ( mine-starved cells of recombinant CP4thi/pZY73 increased more than 50-fold in comparison with that of the parental strain without the alaD plasmid. The gradient of internal and external alanine in the alaD+ strains was high at the beginning and leveled off during the incubation to reach an equilibrium. The alanine excretion rate of strain CP4thi/ pZY73 was extremely high in the initial phase (up to 238 nmol min-1 mg [dry weight]-'). It is important to note that the drastic difference in the internal alanine concentration in the initial phase between the thiamine-deficient and non-deficient recombinant strains was not reflected in a corresponding difference in the efflux rate, indicating a saturation behavior. As a control for nonspecific permeability or lysis, the internal and external concentrations of glutamate were determined. The internal glutamate concentration remained more or less unchanged and decreased only after 22 h of incubation, when the internal volume of the cells also started to drop, probably because of lysis. The specific cytoplasmic volume of the bacterial cells provided an additional monitor for the intactness of the cells in PM. As this value was above 1.8 [LI l mg (dry weight)-' during effective alanine efflux, the cells did not become leaky during the alanine production phase. Furthermore, we determined the chemical gradient of potassium, which also remained significant (high internal concentration) during this time period.
DISCUSSION
As a prerequisite for alanine production with Z. mobilis, an appropriate gene had to be introduced and expressed in this bacterium. This was achieved by cloning the alaD gene from B. sphaericus and expressing it under the control of the strong pdc promoter of Z. mobilis (28) . The expression of the enzyme reached 1 U mg-1 with plasmid pZY73. Cells of B. sphaericus IF03525 had been reported to express the highest AlaDh activity (0.41 U mg-') of 29 bacterial strains tested (27) . Thus, the expression in Z. mobilis was more than twice as high as that in this natural AlaDh producer and may reflect a gene dosage effect. In recombinant E. coli cells with the same plasmid (pZY73), up to 11 U * mg-1 was observed. The difference in expression between E. coli and Z. mobilis can be explained by the better usage in pZY73 of the cat promoter that is located 5' upstream of the alaD gene and that enhances gene expression in E. coli, a Cells were grown in ZMM (see Materials and Methods) with 5% glucose at 30°C to an optical density at 600 nm of 2 to 3, washed, and transferred to PM at 37'C. % of C source is the molar ratio of alanine formed to glucose consumed. Because of different error margins of the individual assays for residual glucose, ethanol formed, and alanine formed (see Materials and Methods), the carbon balance is not accurate in every case. Other end products were acetate and lactate (both below 2 mM each). Each value represents the mean of two independent measurements. For thiamine starvation, CP4thi/pZY73 was transferred from ZMM to ZMM buffered at pH 6.0 and incubated for 40 h at 30°C before being inoculated into PM. (15, 34) could be a way to improve enzyme activity. Growing cells of CP4/pZY73 excreted 7 to 8% of the end-product carbon as alanine, while ethanol was still the major fermentation product. This result can be rationalized by a comparison of the kinetic parameters of PDC and AlaDh. PDC activity in Z. mobilis was found to be in the range of 3 to 5 U * mg-', while AlaDh activity was found to be about 1 U * mg-'. The Kms for the common substrate pyruvate, however, are 0.4 mM for PDC (5) and 1.7 mM for AlaDh (27) . With in vivo concentrations of pyruvate near 1 mM (2) during the growth of Z. mobilis on glucose, these parameters are in favor of the ethanologenic pathway.
During the first 6 h of incubation of CP4thi/pZY73 in PM, about 24% of the carbon flow from glucose to pyruvate was directed into alanine formation, subtracting a substantial portion of carbon from the ethanologenic pathway. Prolonged incubation, however, resulted in the loss of AlaDh activity. For a total redirection of the carbon flow from ethanologenic to "homoalanine" fermentation, the AlaDh activity should be stabilized and/or increased to equal the in vivo activities of other enzymes of the Entner-Doudoroff pathway or even the concurrent PDC activity of 3 to 5 U * mg-1 (5) to dispose of both the pyruvate and the NADH + H' equivalents. Further improvements in AlaDh expression could be achieved by optimizing the distance between the pdc promoter and the translation start of alaD. Concomitantly, the concurrent PDC activity could be diminished by use of PDC-deficient mutants of Z. mobilis.
The mode of L-alanine excretion needs to be studied in more detail. Our results demonstrate that (i) during the productive phase cells are physically intact, (ii) alanine efflux is specific, as another amino acid (glutamate) was not excreted, and (iii) the secretion of alanine appears to be saturable. These results are not in agreement with the simple diffusion of alanine. Instead, they provide evidence for the presence of a carrier system for the secretion of this amino acid in Z. mobilis. Active efflux carrier systems in Corynebacterium glutamicum for other amino acids, namely, glutamate (17) and isoleucine (9), have recently been described.
